The calanoid copepod Acartia steueri Smirnov, 1936 is a dominant embayment species in the temperate coastal waters of Sagami Bay, Japan and food concentration in the embayment area varies abruptly. In this study, we examined the biological responses of A. steueri in the embayment following an abrupt decrease in food concentration and subsequent starvation in the laboratory. Unlike other neritic species, A. steueri survived for 18 days and continued to produce eggs for 15 days under starvation. Dry weight, carbon weight, and C/N ratio of A. steueri under the high food condition were much higher than those of other Acartia copepods, while prosome length and nitrogen weight of A. steueri were similar. The length-weight relationship of A. steueri was atypical for marine planktonic copepods. Oillike droplets, similar to the oil sac in oceanic copepods, were observed in the body cavity of A. steueri raised at the high food condition for more than 10 days. In the field, the rapid accumulation of lipids during sporadic high food conditions might contribute to continue the metabolism and egg production under low food conditions until they encounter favorable food conditions again. Thus, the survival strategy to abrupt changes in food concentration or starvation might support the population of A. steueri in the embayment.
Introduction
Food environment affects energy reserves and biological responses (e.g., tolerance days for starvation and egg production) of copepods (Kleppel et al. 1998 , Tsuda et al. 2001 , Lee et al. 2006 . Oceanic copepods accumulate large energy reserves within their body to cope with low food environments and can live for about 6 months producing eggs even under starvation condition (Saito & Tsuda 2000) . Conversely, neritic copepods, which do not typically face food shortages, have low energy reserves and feed continuously (Paffenhöfer 1998) .
In embayment areas in the neritic zone, environmental factors abruptly change because of irregular freshwater inflow, tides, exchange of seawater with the open ocean, complex submarine topography, and seasonal changes. Chlorophyll a concentration is quite variable: 10-50 µg L in the Chesapeake Bay, and 5.0-73 µg L −1 in the Narragansett Bay (Durbin & Durbin 1981 , Cole et al. 1986 , Ray et al. 1989 . The spring or autumn bloom is the largest annual fluctuation in chlorophyll a concentration. In Otsuchi Bay, Japan, diatom blooms occur several times during the spring and are induced by local wind stress (Furuya et al. 1993) . Chlorophyll a concentration at this season abruptly changes from 15 µg L −1 to 1 µg L −1 for a short period accompanied by an increase in the abundance of other organisms, including flagellates and ciliates (Furuya et al. 1993) .
Intensive grazing by copepods has been observed just after blooms (Tsuda 1994) . The food environment of embayment copepods is thought to be greatly variable and spatiotemporally heterogeneous (Mullin & Brooks 1976 , Dagg & Grill 1980 , Marshall et al. 2006 , Agboola et al. 2013 . The copepods are exposed to chlorophyll a concentration fluctuations and subjected to low food environments for a period of days to weeks (Huntley & Boyd 1984 , Saiz et al. 1993 . Thus, an abrupt decrease in food concentration or starvation might influence the survival and reproduction of embayment copepods.
The calanoid copepod Acartia steueri Smirnov, 1936 is widely distributed in the coastal waters of the western Pacific Ocean from South Kuril Bay, Russia to Kabira Bay, Okinawa Island (Kos 1958 , Nishida 1985 . A. steueri in the embayment area of Sagami Bay, Japan, occurs at extremely high population densities (>20,000 inds. m −3 ) during most of the year except during summer (Onoue et al. 2006) . The environmental factors in this area, including temperature, salinity and chlorophyll a concentration, change abruptly. Blooms occur from spring to summer over a relatively long period and the chlorophyll a concentration abruptly fluctuates by an approximate factor of 60 only over for a few days (Satoh et al. 2000) . While this species produces diapause eggs in response to the high thermal regime in summer (Onoue et al. 2006) , we expect that they also exhibit a life-history strategy allowing them to withstand starvation given the unfavorable food environment of the embayment area.
In the present study, we conducted incubation experiments to understand how A. steueri responds to abrupt decreases in food concentration as well as to starvation. The experimental conditions were short periods of high food concentration followed by starvation. Biological responses including egg production, change of body weight, and starvation survival were measured. We discuss the survival strategies for embayment copepods given the unfavorable food conditions in the embayment.
Materials and Methods

Study area and sampling
Sampling was conducted at a fixed station at Manazuru Port ( Fig. 1; 35°09′49″N , 139°10′33″E, maximum depth: 6 m), located on the northwestern coast of Sagami Bay, Japan. Manazuru Port is a typical temperate embayment site where environmental factors change abruptly as a result of irregular freshwater and tidewater inflows, as well as complex topography and seasonal changes (Satoh et al. 2000 , Onoue et al. 2004 , Tsuchiya et al. 2013 .
Live samples of A. steueri were collected by gently towing a plankton net (diameter: 30 cm, length: 150 cm, mesh aperture: 180 µm) obliquely from 5 m depth to the water surface. The plankton samples were immediately transferred to a field laboratory. Using a dissecting microscope (WILD M10, Leica), live adult females of A. steueri from the plankton samples were sorted and placed into glass bottles containing filtered seawater (<0.7 µm).
Investigation of biological responses of A. steueri to starvation
In April 2014, we conducted incubation experiments to quantify the starvation survival and egg production rate. Adult females were first exposed to a high food concentration (1.0 µgC mL −1 ) for 2 or 5 days and transferred to filtered seawater (<0.7 µm) without food for 20 days. Concentration of food in the high food condition was based on a food concentration at which growth rate and egg production rate in Acartia tonsa Dana, 1849 have been reported to be saturated (Berggreen et al. 1988) . Drillet et al. (2011) also used this concentration for the high food condition in an incubation experiment with A. tonsa. The lengths of exposure to the high food concentration (2 or 5 days) and starvation were based on the duration of the in situ spring phytoplankton bloom in Otsuchi Bay (Furuya et al. 1993 ). Ten females were reared for each condition and were maintained individually in an incubation chamber with a 180-µm sieve, which was placed 1 cm above the bottom, immersed in a 200-mL beaker containing ca 150-mL near-ambient temperature (16°C) water and under a natural light cycle (13L:11D). The diatom Thalassiosira weissflogii (Grunow) (64.4 pg C cell −1 ), cultured with f/2 media, was used as food algae. Fresh filtered sea water was supplied with the food algae every 24 h. The number of surviving females and eggs were enumerated every 24 h for 20 days.
Measurement of prosome length and body weight of A. steueri
Prosome length, dry weight, carbon weight, and nitrogen weight of adult A. steueri females sampled from the bay, as well as those under in situ, high food and starvation conditions in the lab, were measured from May to July 2017. Adult females for these samples were incubated at the high food concentration (1.0 µgC mL −1 ) for 5 days and were subsequently replaced on two food conditions the high food and starvation ( 0.22 μm filtered sea water) conditions for 10 days. The food algae and incubation conditions were the same as outlined above. Fresh filtered sea water was supplied with the food algae every 24 h. Incubation was conducted at a near-ambient temperature (20°C) and under a natural light cycle (14L:10D).
Prosome lengths of wild adult females and experimental females were measured using an ocular micrometer under a dissecting microscope (WILD M10, Leica). Dry weights, carbon weights, and nitrogen weights for wild adult females and experimental females were also measured. To determine the dry weight, adult females were first cleaned with filtered seawater, and 5-10 females were then placed onto a precombusted glass fiber filter (Whatman, GF/C) and rinsed with distilled water to remove salt. Adult females on the filters were dried at 60°C for 24 h in an electric oven as described by Uye (1982) . Dry weight was measured using an electric microbalance (METTLER TOLEDO: Model UMX2). To determine carbon and nitrogen weights of adult females on the filters, the filters were treated with HCl fumes for 24 h to remove inorganic carbon, dried at 60°C for 12 h in a dry oven, and stored in a desiccator until analysis. Carbon and nitrogen contents of adult females on the filters were determined using an elemental analyzer (NA-1500 CNS, FISONS) according to Nagao et al. (2001) .
Results
Biological responses of A. steueri to starvation
One female in the 2-day high food concentration experiment and four females in the 5-day high food concentration experiment survived 20 days until the end of the experiments (Fig. 2) . Under both conditions, 45% of Fig. 2 . Cumulative egg production (white circles) and survival number of females (black circles). Left figure is the condition of high food for 2 days subsequently transferred to starvation conditions. Right figure is the condition of high food for 5 days subsequently transferred to starvation conditions. Gray zone indicates the high food duration (2 or 5 days). Number of incubated individuals for each treatment was 10 females.
A. steueri survived more than two weeks of starvation. The average number of days survived under the 2-day and 5-day high food concentration conditions were 10.3±6.4 and 15.9±5.22 days, respectively. These values were significantly different (Mann-Whitney s U-test, p<0.05). Maximum numbers of cumulative eggs produced in the 2-day and 5-day high food concentration experiments were 14 and 154 eggs female , respectively (Fig. 2) . Average numbers of cumulative eggs produced under the 2-day and 5-day high food concentration conditions were 5.4±4.1 and 51.7±59.2 eggs female −1 , respectively. Females under the 2-day high food concentration condition spawned no or less eggs under starvation conditions, although continuous egg production by some females in the 5-day high food concentration incubation experiment was found under starvation conditions. Egg production continued for 15 days of starvation in 30% of the females in the 5-day high food concentration experiment. While the cumulative egg productions were likely categorizable into two groups (i.e., high and low egg production) for the females fertilized during the 5-day high food concentration experiment, there was a significant difference in cumulative egg production during starvation between females in the 2-day and the 5-day high food concentration experiments (Kruskal-Wallis s test, p<0.05).
Prosome length and body weight of A. steueri during starvation
The prosome length, dry weight, carbon weight, nitrogen weight and C/N ratio of adult females of Acartia species are given in Table 1 . The dry weight vs. prosome length ratios of A. steueri in the present study were much higher than those of the other Acartia spe- 
Values are mean±standard deviation and n is number of individuals for Acartia steueri in Sagami Bay, Japan. Fig. 3(c) ; Welch s t-test, p<0.05). There was no significant difference in C/N ratio between copepods under either the high food (8.7±5.5) or starvation conditions (8.3±2.4) (Table 1, Fig. 3(d) ). Furthermore, oil droplets such as oil sac well-known in overwintering oceanic copepods, were observed in the body cavity of A. steueri raised under the high food condition for 10 days (Fig. 5: a) . There were no oil droplets in the bodies of A. steueri raised under the starvation condition for 10 days (Fig. 5: b ).
Discussion
Energy reserves play an important role in the life history of many copepods, providing energy for reproduction, ontogeny, and diapause during conditions of food scarcity (Lee et al. 2006 , Kattner & Hagen 2009 ). Oceanic copepods accumulate large lipid stores to survive long starvation periods (Tsuda et al. 2001) which may last about six months (Saito & Tsuda 2000) . They can maintain metabolism and egg production for approximately two months without feeding (Tsuda et al. 1999) . In contrast, neritic copepods store little or no lipids and can withstand only short periods of starvation (Mayzaud 1976 , Dagg 1977 , Lee et al. 2006 , Peters et al. 2007 ). In the present study, it was revealed that A. steueri accumulates energy reserves in its Fig. 4 . Dry weight (DW) and prosome length (PL) relationship for neritic and oceanic copepods. Open circles represent neritic copepods (Heinle 1966 , McLaren 1969 , Heinle & Flemer 1975 , Durbin & Durbin 1978 , Breteler et al. 1982 , Uye 1982 , Durbin et al. 1983 , Gaudy & Boucher 1983 , Kimmerer & McKinnon 1987 , Breteler & Gonzalez 1988 , Mizdalski 1988 , Hay et al. 1991 , Durbin et al. 1992 , Cataletto & Umani 1994 , Thompson et al. 1994 , Richardson et al. 2001 . Closed circles represent oceanic copepods (Omori 1969 , Tande 1982 , Uye 1982 , Jerling & Wooldridge 1991 , Hirche & Mumm 1992 , Karlson & Båmstedt 1994 , Escribano & McLaren 1999 , Yamaguchi & Ikeda 2000 , Kobari & Ikeda 2001 , Richardson et al. 2001 , Kobari et al. 2003 , Shoden et al. 2005 , Zhang et al. 2005 . Diamond symbol represents adult female Acartia steueri in Sagami Bay, Japan. Error bars show the standard deviation. body and has high tolerance to starvation unlike neritic copepods.
The length-weight relationship of most marine planktonic copepods is well described by the allometric model (Teissier 1931 ). The allometric model using length as the independent variable (weight=a length b ) is suitable for most species of fish (Frota et al. 2004 , Karakulak et al. 2006 . The parameter (a) is called the condition factor and the exponent (b) is usually designated the allometry coefficient and assumes values around 3 (Andrade & Campos 2002) . The allometry coefficient for fish is described as isometric growth. The allometry coefficient for marine planktonic copepods in Fig. 4 was 2 .5, which indicates that copepods exhibit near isometric growth. However, the dry weight of A. steueri in the present study was much greater than that of neritic copepods of approximately the same body length, so this species deviates from this length-weight relationship. Surprisingly, A. steueri raised under the high food concentrations developed oil droplets in their body cavities similar to the oil sac common in overwintering oceanic copepods. The lipid reserves such as oil droplets was specific to A. steueri in Sagami Bay and not in other Acartia copepods. Oil droplets are often noted in zooplankton ovaries, developing oocytes, and nauplii (Stübing 2004) . C/N ratios of A. steueri in the present study, an index of energy accumulation, were relatively higher than in other Acartia copepods. A. steueri may accumulate energy as oil droplets.
The carbon weights of wild A. steueri in Sagami Bay were higher than in Ilkwang Bay (Kang & Kang 1997) . Samples of A. steueri in Ilkwang Bay were preserved in 5% formalin for long periods, such as 44-52 months. It has been reported that more than 29.5% of organic matter is lost from organisms when preserved in formalin for 1.5 months (Durbin & Durbin 1978 , Omori 1978 . The dry weights for most studies summarized in Table 1 and Fig. 4 were measured within a few days after sampling, without preservation in formalin. Another possible reason for the difference was thought to be the different food environments between Ilkwang Bay and Sagami Bay. The range of chlorophyll a concentrations was 1.0-13 µg L −1 in Ilkwang Bay and 0.1-60 µg L −1 in Manazuru Port of Sagami Bay (Satoh et al. 2000 , Kang & Kang 2005 A. steueri in the embayment area of Sagami Bay may be more a highly acclimated to a highly fluctuating food environments, while A. steueri in Ilkwang Bay may not be.
The dry weight of A. steueri under not only the high food concentration conditions but also under starvation conditions was higher than that of wild A. steueri because A. steueri under starvation conditions had first been exposed to high food concentrations for 5 days after collection. Although the dry weight of A. steueri under the high food concentration conditions was significantly higher than that of wild A. steueri, there was no significant difference between the carbon weight of A. steueri under the high food concentration conditions and that wild A. steueri (Fig. 3) . Because food-saturated and food-limited animals co-occur in nature, the results for in situ animals are not directly comparable to those for the incubated animals. Because the carbon weight of A. steueri under starvation conditions was significantly lower than that under the high food concentration conditions, A. steueri may use the carbon-rich molecules such as lipids for an energy source and metabolize it during the beginning of starvation (Mayzaud 1976) . Similarly, there was a significant difference between the nitrogen weights under the high food concentration and starvation conditions. Ikeda (1974) and Mayzaud (1976) suggested that Acartia species may utilize amino acids, which contain a large proportion of nitrogen, as an energy source during the latter period of starvation. A. steueri in the present study might utilize both carbon and amino acids for maintaining their metabolism under the latter period of starvation, and thus no significant difference was observed in the C/N ratio between animals in high food and starvation conditions (Fig. 3: c, d) .
Periods of starvation tolerance and periods of egg pro- Table 2 . The neritic copepods Paracalanus parvus (Claus, 1863) and A. tonsa ceased egg production on day 3 and days 1-4, respectively, after exposure to starvation conditions (Table 2) . Further, all the P. parvus and A. tonsa females survived 7 days and 5-10 days under starvation conditions, respectively (Dagg 1977 , Parrish & Wilson 1978 , Checkley 1980 , Finiguerra et al. 2013 ). These species likely accumulate energy when adequate food is available and metabolize it gradually when faced with starvation conditions (Finiguerra et al. 2013) . In the present study, A. steueri exhibited remarkable starvation tolerance, in contrast to neritic species. A. steueri survived more than two weeks of starvation and 30% of A. steueri continued to produce eggs for 15 days after the onset of starvation (Fig. 2) . Because the survivorship and the cumulative egg production during starvation of A. steueri after the 5-day high food concentration condition were significantly higher than in A. steueri after the 2-day high food concentration condition, energy accumulation during periods of high food concentrations are thought to contribute to metabolism and egg production during periods of starvation. A previous study reported that oil droplets are often noted in zooplankton ovaries, and a part of these droplets can be transferred to developing oocytes (Stübing 2004) . Oil droplets that are accumulated during periods of high food concentrations might have a key role as an energy source, not only for metabolism but also for egg production during periods of starvation. It seemed that A. steueri in the 5-day high food condition experiment could be categorized into two groups, some exhibiting high egg production and others low production (Fig. 2) . Bimodal distribution may be due to the age structure of the samples, or high and low producers may belong to different cohorts. A. steueri in the present study demonstrated the ability to rapidly accumulate large energy reserves within their body when food concentrations were high, and also remarkable starvation tolerance. In the wild, A. steueri have extremely high population densities compared to other Acartia copepods, at least in Sagami Bay (Onoue et al. 2006) , which suggests that this species may be the most well-adapted to embayment environments. By accumulating energy during short periods of high food concentrations, A. steueri would be able to endure low food conditions until they encounter favorable food concentration conditions again. The ability of A. steueri to store energy and tolerate starvation could allow it to increase to high population densities in the severely fluctuating food environment found in embayment areas and for their energy therefore to be stably transferred to higher trophic level.
